systems are costly when compared to digital color imaging-based systems. The popularity of digital cameras has made them easily accessible and often included in many modern phones; however, while digital cameras work well for regular consumer use, their applications in spectroscopy are limited by their spectral resolution and range, as they can only detect visible light in three spectral bands: red, green, and blue (RGB). To account for this limitation while taking advantage of their low cost, we investigated a machine learning regression method for processing the color data recorded by a digital color camera. Once trained, a machine learning regression method can be used to predict the state or level of an output variable from the information contained in multiple predictor variables. Compared with traditional regression methods, machine learning regression methods have the potential to describe more complicated relationships between predictor and output variables through the application of flexible, data-driven algorithms (Qin et al., 2011) .
Anthocyanins are a group of secondary plant metabolites believed to serve as antioxidants to quench reactive oxygen species (Kovinich et al., 2014) . They are produced from the amino acid phenylalanine via the anthocyanin biosynthetic pathway. Many studies have shown that anthocyanin accumulation is positively correlated with various types of stresses (Appendix S1), including high-intensity light, pathogens, wounding, drought, and nutrient deficiency (Shan et al., 2009 ). Anthocyanin accumulation can therefore be correlated with plant health, and acts as an indicator of the severity of stresses affecting the plant. Traditional chemical analysis methods for anthocyanin quantification can be time consuming, costly, and invasive (Yang et al., 2016) ; therefore, in this work, we investigated a noninvasive, digital color imaging-based method using a machine learning regression analysis to predict levels of anthocyanin accumulation in detached Arabidopsis thaliana (L.) Heynh. leaves.
METHODS AND RESULTS
A flowchart of the methodology followed to prepare the leaf samples, process image data, and evaluate the accuracy of the developed method is shown in Fig. 1 . A detailed benchside protocol for the image background removal and processing, image sorting, regression training and testing, and false-color heatmap generation is provided in Appendix 1.
Leaf sample preparation and imaging
To simulate the varying levels of anthocyanin accumulation caused by stress, four genotypes of Arabidopsis with different anthocyanin accumulation levels were used: Col-0, ref2-1 (ref2), cyp79b2 cyp79b3 (b2b3), and pap1-D (Fig. 2 ). Col-0 is A. thaliana wild type. pap1-D is an activation tagging mutant with an enhanced expression of MYB75, which is a master regulator of the anthocyanin biosynthesis pathway (Borevitz et al., 2000) . Due to the activation of MYB75 in pap1-D, several genes encoding key enzymes in anthocyanin biosynthesis (e.g., chalcone synthase, dihydroflavonol reductase, and anthocyanidin synthase) are upregulated in this mutant, resulting in its overproduction of anthocyanin (Sawano et al., 2017) . ref2 and b2b3 are mutants with defects in the enzymes involved in the biosynthesis of defense compounds called glucosinolates (Zhao et al., 2002; Hemm et al., 2003) . The altered levels of glucosinolate intermediates in ref2 and b2b3 have been shown to influence the FIGURE 1. Flowchart of methodology used to prepare the leaf data, train the regression analysis, and evaluate the regression accuracy. RMSE = root mean squared error; MAE = mean average error. stability of phenylalanine ammonia lyase (PAL) functioning at the first step of the phenylpropanoid pathway in these mutants; as a result, ref2 contains a reduced level of phenylpropanoids, including anthocyanin, while b2b3 accumulates more phenylpropanoids than the wild type (Kim et al., 2015 (Kim et al., , 2019 . Because the Col-0, pap1-D, ref2, and b2b3 genotypes accumulate different levels of anthocyanin under nonstressed conditions, we were able to consistently generate Arabidopsis plants with a broad range of anthocyanin contents without the use of additional stress treatments ( Fig. 2A) . The Arabidopsis seeds were planted on moist soil and grown for 4-6 weeks in a growth chamber at 23°C, with a light intensity of 140 μE m −2 s −1 in a 16-h light/8-h dark photoperiod. The plants were watered regularly to maintain soil moisture levels. Just before or soon after bolting, the mature rosette leaves were harvested by cutting the petiole using a pair of small scissors, and their fresh weights were determined using an analytical balance.
A digital image of the leaves was taken with a Canon Powershot G15 digital camera (Canon USA Inc., Melville, New York, USA). To standardize the lighting conditions, all photos were taken in the same location, with the only source of lighting being ceiling fluorescent lights. The camera settings were also kept constant for all images, and were set as follows: image size = 12 megapixels (4000 × 3000 pixels), f-stop = f/2.8, exposure time = 1/100 s, ISO speed = ISO-800, exposure bias = -1 step, no flash. To calibrate the camera, its white balance was set using a grey card from the Vello White Balance Card Set (Vello, New York, New York, USA) prior to each imaging session. Eight leaves at a time were arranged on a sheet of nonreflective black paper with the top surface of the leaves facing upward. A tripod was used to position the camera 1-2 feet above the leaves, and the zoom of the camera was adjusted so that the leaves nearly filled the frame of the photograph. A photograph of the leaves was then taken in the standard RGB (sRGB) color space.
Anthocyanin extraction and measurement
The general methodology used for anthocyanin extraction and measurement follows that described by Shan et al. (2009) . Immediately after weighing and imaging, each leaf was immersed in 1 mL of extraction buffer (18% 1-propanol, 1% HCl, and 81% water) and boiled for 3 min. The leaves were then incubated in the buffer solution at room temperature in darkness for 24 h. A 1-mL aliquot of the buffer solution from each leaf was transferred to a cuvette, and its absorbance at 535 nm and 650 nm was measured spectrophotometrically. The level of anthocyanin accumulation, designated as the normalized anthocyanin index, was calculated using the following equation:
Image processing and regression analysis 2 , and mean average error (MAE) values were calculated for each regression model. The accuracy data of the 10 most accurate regressions, as determined using the RMSE value, are shown in Table 1 . A complete list of all regressions and their respective accuracy parameters are provided at https ://github. com/bryce askey/ antho cyanin_accum ulation. Background pixel removal in GIMP is the only part of the image analysis process completed manually, as all downstream regression training and testing was automated in R. The complete analysis of the 147 leaf images required about 5-6 h of manual work in GIMP and about 8-10 h of computational time in R.
Of all the regression models tested, the quantile random forest model using the sRGB color space data most accurately predicted the actual NAI of the test set, with an RMSE of 9.407 NAI, an r 2 of 0.9351, and an MAE of 6.597 NAI. To confirm the regression accuracy, the predicted NAI values were plotted against the actual values (Fig. 3A) , and a plot of the normalized residuals was also created (Fig. 3B) . The normalized residuals were calculated by dividing the difference between the predicted and actual NAI values using the RMSE of the regression:
The even spread of residuals around the x-axis over the range of predicted NAI values indicates that the training/validation set of images was sufficiently large for training the regression.
Spatiotemporal monitoring of anthocyanin accumulation
To demonstrate its potential as an early detection system for plant stress, the trained sRGB quantile random forest model was used to make predictions of the spatiotemporal anthocyanin accumulation in detached leaves. Arabidopsis wild-type plants (Col-0) were grown for 4-6 weeks in the same growth chamber conditions described above. Mature leaves were harvested, and a digital color image was taken using the imaging method and camera settings described above. Because melatonin has been shown to enhance stress resistance , various concentrations of melatonin were tested, with 1 mM melatonin found to be sufficient for reducing stress symptoms in Arabidopsis. The detached leaves were then individually placed into either water containing 0.05% Tween-20, which is considered as a high-stress environment due to mechanical wounding, or water containing 1 mM melatonin and 0.05% Tween-20, in which melatonin can reduce stress symptoms caused by wounding (low-stress environment). All Petri dishes were placed in a growth chamber at 23°C, with a light intensity of 140 μE m −2 s −1 in a 16-h light/8-h dark photoperiod.
normalized residual = Actual NAI − Predicted NAI RMSE Regressions trained using the "caret" package for R with data from the sRGB, HSV, YIQ, L*a*b*, and YCbCr color spaces. otherwise go undetected in a visual inspection. A quantitative prediction of anthocyanin accumulation in each leaf image was also performed by averaging the predicted NAI at each pixel over the entire area of the leaf (Fig. 4D) .
CONCLUSIONS
This study demonstrated that the application of a machine learning regression to digital color image data enables the accurate prediction of the anthocyanin content of detached Arabidopsis leaves. Of the 22 regression models evaluated, a quantile random forest model in the sRGB color space most accurately predicted the actual accumulation of anthocyanin, with an RMSE of 9.407 NAI, an r 2 of 0.9351, and an MAE of 6.597 NAI (Table 1) . To demonstrate its potential as an early detection system for plant stress, the trained model was then applied to leaf images to monitor the spatiotemporal accumulation of anthocyanin in leaves exposed to different stress conditions (Fig. 4) . Anthocyanin accumulates heterogeneously in plants , and the generated false-color heatmaps allowed the visualization of its distribution. In comparison with the hyperspectral, thermal, near-infrared, and fluorescence imaging-based methods for monitoring plant stress, digital color imaging-based methods are a more cost-effective solution (Mutka and Bart, 2015) . Digital cameras are cheap, accessible, and user friendly, and it is likely that most users are already familiar with their operation. In addition, both GIMP and R are opensource software, meaning they are completely free to use. The application of a machine learning regression model accounts for the complex relationship between each component of a color space and the actual anthocyanin content of the leaf. This multivariate machine learning approach demonstrates an improved accuracy in the estimation of anthocyanin accumulation from a digital color image compared with single-variable regression methods (Murakami et al., 2005; Yang et al., 2016) . When compared with hyperspectral imaging-based methods for estimating anthocyanin accumulation, the digital color imaging-based method developed in this study provides a comparable accuracy in controlled conditions, without the need for more expensive hyperspectral imaging equipment (Gitelson et al., 2006; Qin et al., 2011) .
As our regression predictions are based on color data, the color accuracy in the digital images used is very important. In our study, images were taken in a laboratory setting under fluorescent ceiling lights, and the camera was calibrated with a grey card before each imaging session. Because the spectral signature of the leaves will change based on the primary source of light in the imaging environment, it is likely that a separate regression would need to be trained to account for the lighting in different environments, such as those lit by natural sunlight or wavelength-controlled LEDs.
Because this study was conducted with detached Arabidopsis leaves, the next step would be to test the applicability of the method at the whole-plant level. Future work should include a comparison of the sensitivity and accuracy of this digital imaging-based method against standard phenotyping methods, as well as further testing with more economically viable crops that also accumulate anthocyanin when exposed to stress, such as cotton (Gossypium hirsutum L.) (Li et al., 2019) , maize (Zea mays L.) (Pietrini et al., 2002) , and tomato (Solanum lycopersicum L.) (Groher et al., 2018) . The automation of the background removal process, the effect of variable lighting conditions on the regression accuracy, and larger-scale field testing should also be a part of future investigations. Finally, the viability of using a cell phone camera as a replacement for the standalone camera used here should also be explored. Improvements in these areas would allow this method to be applied as a cost-effective early detection system for plant stress. 
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